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ENGINEERING RUBISCO FOR FOOD
SAFETY

STATEMENT OF GOVERNMENT INTEREST

This imnvention was made with Government support under
Contract No. DE-NA0003525 awarded by the Umited States
Department of Energy/National Nuclear Security Adminis-
tration. The Government has certain rights 1n the ivention.

REFERENCE TO A SEQUENCE LISTING
APPENDIX

A sequence listing appendix including an ASCII format-
ted file accompanies this application. The appendix includes
a file named “SD15512 ST25 2.txt,” created on Oct. 12,
2020 (si1ze of 21 kilobytes), which 1s hereby incorporated by
reference in 1ts entirety.

FIELD

This disclosure relates to genetic engineering of RuBisCo
(Ribulose-1,5-bisphosphate carboxylase/oxygenase) ifrom
algal biomass.

BACKGROUND

Global demand for high quality digestible protein 1s
expected to substantially outpace population growth over the
coming decades, necessitating gains 1n feed-to-food conver-
sion efliciency for sustainable food security. Toward these
ends, 1dentifying and producing new high quality protein
teedstocks that supplement existing agriculture will be of
major importance and have significant impacts that intersect
with the energy and water infrastructure.

RuBi1sCo 1s the most abundant soluble protein on Earth,
comprising in some cases over half of the protein content of
green plant tissue and algae biomass. RuBi1sCo 1s already
considered a nearly complete protein source based on sub-
stantial quantities of the essential amino acids for human
nutrition (protein score=98/100 PDCAAS), vyet further

improvement could provide a complete and renewable food

supply.

The FDA lists nine essential amino acids for human
nutrition, with lysine (Lys or K) and methionine (Met or M)
considered to be the first limiting; recommended daily
allowances (RDA) of 31 and 21 mg/g of total protein,
respectively. For non-ruminant and aquaculture applica-
tions, protemaceous feed ingredient prices have increased

between 67-284% over the last 15 years, and supplementa-
tion of Met and Lys 1s commonly the dominant cost of feed,
approximated to be in excess of $2000/ton at modest purities
(Rana and Hanson FAO 2009).

The current state of the art for supplementation of these
amino acids 1n feeds 1s to utilize a processed amimal source
(c.g., menhaden fish), thereby negatively impacting the
sustainability of increased commercial food production,
especially aquaculture, the fastest growing food production
method globally, as well as for non-ruminant farm animals.
Since RuBi1sCo’s biochemical function is to initiate fixation
of CO,, significant eflorts have been made to engineer the
protein, particularly for enhanced CO,/O, selectivity. While
basic discoveries 1n the modification and expression of
genes 1 RuBisCo have been made (especially the large
subunit of the RuBisCo complex, RbcL), despite much
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2

research on this project and tunding, very limited success at
accomplishing improvement in RuBi1sCo’s CO fixation has
been made.

SUMMARY

The amino acid sequences of the proteins 1n the RuBisCo
complex indicate that 1t should be possible to utilize
RuBisCo as a complete protein source for human (and
non-ruminate) nutrition if the quantity of the first limiting
amino acids, Methionine (Met) and Lysine (Lys), were
doubled. This was achieved by generation of genetic con-
structs for expression of Rbcl, the large subunit of
RuBisCo, with codon swaps to increase the relative abun-
dance of each of the target amino acids. This was a genome-
integrated, stable expression of the Met- and Lys-enriched
RbcL constructs. Analysis of the whole algae protein hydro-
lysates from the control and RbcL. mutants indicated sig-
nificantly improved amino acid score 1n the mutants, as well
as enrichment of Met and Lys.

In an embodiment disclosed herein, a biological material
comprises an amino acid sequence having at least 84%
sequence 1dentity to any one of SEQ ID Nos. 2-5 or an
analog thereof.

In an embodiment, a food source includes a ribulose-1,
S-bisphosphate carboxylase/oxygenase with an RbcL. unit
having an amino acid sequence with at least 84% sequence
identity to any one of SEQ ID Nos. 2-5 or an analog thereof.

In an embodiment disclosed herein, a method of improv-
ing a ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuB1sCo), includes the steps of: making a modified RbcL
of the RuBisCo, by, on an RbcL unit of the RuBisCo:
substituting Met for Leu, Phe, Val, or Ile or combinations
thereol, substituting Lys for Arg, Thr or His or combinations
thereol, or both substituting Met for Leu, Phe, Val, or Ile or
combinations thereol and substituting Lys for Arg, Thr, or

His or combinations thereof. Then a modified RuBi1sCo with
the modified RbcL 1s added to a biomass host.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s graph showing RuBisCo protein content in
N-replate and N-deficient environments.

FIG. 2 1s a flow chart showing a method of designing and
synthesizing a fully functional RuBisCo variant with
enhanced amino acid profile for food and feed applications.

FIG. 3 1s an example plasmid map.

FIG. 4 example flow chart for making and using the
modified RuBisCo.

FIG. 5 1s a photo of agar plates after the transformation of
example plasmids into WT Syrechocystis sp. PCC 6803.

FIG. 6 1s a photo showing agar plates with transformed
colonies (from Example 35) for segregation.

FIG. 7 1s a photo showing additional agar plates with
transiformed colonies (from Example 5) for segregation.

FIG. 8 shows the design that was mtegrated into the Rbcl
loc1 1 Syrechocystis 6803.

FIG. 9 1s a photo showing a GC-MS amino acid analysis
of the pMFO1 and pMFO02 samples (Met replacements top
panel); and pMFO3, and pMFO04 samples (Lys replacements,
bottom panel).

FIG. 10 1s a graph showing the significant improvement

in the amount of Methionine and Lysine in the example
modified RuBisCo compared to the wild type.

DETAILED DESCRIPTION

As used herein, the term “about” means+/-10% of any
recited value. As used herein, this term modifies any recited
value, range of values, or endpoints of one or more ranges.
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The term “or” 1s intended to mean an inclusive “or” rather
than an exclusive “or.” That 1s, unless specified otherwise, or
clear from the context, the phrase “X employs A or B” 1s
intended to mean any of the natural inclusive permutations.
That 1s, the phrase “X employs A or B” 1s satisfied by any
of the following instances: X employs A; X employs B; or
X employs both A and B. In addition, the articles “a” and

“an” as used 1n this application and the appended claims
should generally be construed to mean “one or more” unless
specified otherwise or clear from the context to be directed
to a singular form. Additionally, as used herein, the term
“exemplary” 1s intended to mean serving as an illustration or
example of something, and 1s not mtended to indicate a
preference.

By “micro” 1s meant having at least one dimension that 1s
less than 1 mm but equal to or larger than 1 um. For instance,
a microstructure (e.g., any structure described herein, such
as a microparticle) can have a length, width, height, cross-
sectional dimension, circumierence, radius (e.g., external or
internal radius), or diameter that 1s less than 1 mm but equal
to or larger than 1 um. In another instance, the microstruc-
ture has a dimension that 1s of from about 1 um to 1 mm.

By “nano” 1s meant having at least one dimension that 1s
less than 1 um but equal to or larger than 1 nm. For instance,
a nanostructure (e.g., any structure described herein, such as
a nanoparticle) can have a length, width, height, cross-
sectional dimension, circumierence, radius (e.g., external or
internal radius), or diameter that 1s less than 1 um but equal
to or larger than 1 nm. In another istance, the nanostructure
has a dimension that 1s of from about 1 nm to about 1 um.

The term “analog’ as used herein referring to a protein or
peptide means a modified protein or peptide wherein one or
more amino acid residues of the peptide have been substi-
tuted by other amino acid residues, and/or wherein one or
more amino acid residues have been deleted from the protein
or peptide, and/or wherein one or more amino acid residues
have been added to the protein or peptide. Such addition or
deletion of amino acid residues can take place at the N-ter-
minal of the peptide and/or at the C-terminal of the peptide.

The term “biological material” 1s used to refer to a
biomass, a bacteria, a fungi, a peptide, a protein, a cell,
DNA, RNA, a plastid, an amino acid sequence, or other
biological compound that includes amino acids. A biological
material can include other biological materials 1 1t. For
example, a biomass can include a cell, and cell can 1include
a plastid, and a plastid can include various amino acid
sequences. RuBisCo 1s biological material, and can include
RbcL, a protein and a biological matenal.

The term “reporter” 1s used to describe an 1maging agent
or moiety that 1s incorporated 1nto the outer layer or cargo
of particles according to an embodiment of the present
disclosure and provides a signal that can be measured. The
moilety may provide a fluorescent signal or may be a
radioisotope which allows radiation detection, among oth-
ers. Exemplary fluorescent labels for use m particles (e.g.,
via conjugation or adsorption to the outer layer or the core,
via integration into the matrix of the core, and/or wvia

incorporation into cargo elements such as DNA, RNA-sn-
glycero-3-phosphoethanolamine (Texas Red® DHPE, 583/

608), Alexa Fluor® 647 hydrazide (649/666), Alexa Fluor®
64’/ carboxylic acid, succinimidyl ester (650/668), Ulysis™
Alexa Fluor® 647 Nucleic Acid Labehng Kit (650/6770),
Alexa Fluor® 647 conjugate of annexin V (650/665), other
fluorescent labels, colorimetric labels, quantum dots, nan-
oparticles, microparticles, barcodes, radio labels (e.g., RF
labels or barcodes), avidin, biotin, tags, dyes, an enzyme that
can optionally include one or more linking agents and/or one
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4

or more dyes, as well as combinations thereof etc. Addi-
tional reporters can include a detection agent (e.g., a dye,
such as an electroactive detection agent, a fluorescent dye, a
luminescent dye, a chemiluminescent dye, a colorimetric
dye, a radioactive agent, a contrast agent, etc.), a particle
(e.g., such as a microparticle, a nanoparticle, a latex bead, a
colloidal particle, a magnetic particle, a fluorescent particle,
etc.), and/or a label (e.g., an electroactive label, an electro-
catalytic label, a fluorescent label, a colorimetric label, a
quantum dot, a nanoparticle, a microparticle, a barcode, a
radio label (e.g., an RF label or barcode), avidin, biotin, a
tag, a dye, a marker, an enzyme that can optionally include
one or more linking agents and/or one or more dyes).
Moieties that enhance the fluorescent signal or slow the
fluorescent fading may also be incorporated and include
SlowFade® Gold antifade reagent (with and without DAPI)
and Image-1T® FX signal enhancer. All of these are well
known 1n the art.

The term “fragment” 1s meant a portion of a nucleic acid
or a polypeptide that 1s at least one nucleotide or one amino
acid shorter than the reference sequence. This portion con-
tains, preferably, at least about 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, or 90% of the entire length of the reference
nucleic acid molecule or polypeptide. A fragment may
contain 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100, 200, 300,
400, 500, 600, 700, 800, 900, 1000, 1250, 1500, 1750, 1800
or more nucleotides; or 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 640
amino acids or more. In another example, any polypeptide
fragment can include a stretch of at least about 5 (e.g., about
10, about 20, about 30, about 40, about 50, or about 100)
amino acids that are at least about 40% (e.g., about 50%,
about 60%, about 70%, about 80%, about 90%, about 95%,
about 87%, about 98%, about 99%, or about 100%) 1dentical
to any of the sequences described herein can be utilized 1n
accordance with the disclosure. In certain embodiments, a
polypeptide to be utilized in accordance with the disclosure
includes 2,3, 4, 5,6,7, 8,9, 10, or more mutations (e.g., one
or more conservative amino acid substitutions, as described
herein). In yet another example, any nucleic acid fragment
can 1nclude a stretch of at least about 5 (e.g., about 7, about
8, about 10, about 12, about 14, about 18, about 20, about 24,
about 28, about 30, or more) nucleotides that are at least
about 40% (about 50%, about 60%, about 70%, about 80%,
about 90%, about 95%, about 87%, about 98%, about 99%,
or about 100%) 1dentical to any of the sequences described
herein can be utilized 1n accordance with the disclosure.

As used herein, when a peptide, polypeptide, protein. or
nucleic acid sequence 1s referred to as having “at least X %
sequence 1dentity” to a reference sequence, it 1s meant that
at least X percent of the amino acids or nucleotides in the
peptide, polypeptide, protein, or nucleic acid are identical to
those of the reference sequence when the sequences are
optimally aligned. An optimal alignment of sequences can
be determined 1n various ways that are within the skill 1n the
art, for mstance, the Smith Waterman alignment algorithm
(Smith T F et al., J. Mol Biol. 1981; 147:195-7) and BLAST
(Basic Local Alignment Search Tool; Altschul S F et al., J.
Mol. Biol. 1990; 215:403-10). These and other alignment
algorithms are accessible using publicly available computer
software such as “Best Fit” (Smith T F et al., Adv. Appl.
Math. 1981; 2(4):482-9) as incorporated into GeneMatcher
Plus™ (Schwarz and Dayhot, “Atlas of Protein Sequence
and Structure,” ed. Dayhoil, M. O., pp. 353-338, 1979),
BLAST, BLAST-2, BLAST-P, BLAST-N, BLAST-X, WU-
BLAST-2, ALIGN, ALIGN-2, CLUSTAL, T-COFFEE,

MUSCLE, MAFFT, or Megalign (DNASTAR). In addltlon
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those skilled in the art can determine appropriate parameters
for measuring alignment, including any algorithms needed
to achieve optimal alignment over the length of the
sequences being compared. In general, for peptides, the
length of comparison sequences can be at least five amino
acids, preferably 10, 20, 30, 40, up to the entire length of the
peptide or protein. In general, for polypeptides, the length of
comparison sequences can be at least five amino acids, such
as, for example, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 125,
150, 175, 200, 250, 300, 400, 500, 600, 700, or more amino
acids, up to the entire length of the polypeptide. For nucleic
acids, the length of comparison sequences can generally be
at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175,
200, 250, 300, 400, 500, 600, 700, 800, 900, 1000, 1100,
1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000,
2100, or more nucleotides, up to the entire length of the
nucleic acid molecule. It 1s understood that for the purposes
of determining sequence identity when comparing a DNA
sequence to an RNA sequence, a thymine nucleotide 1s
equivalent to an uracil nucleotide.

By “substantial identity” or “substantially identical™ 1s
meant a polypeptide or nucleic acid sequence that has the
same polypeptide or nucleic acid sequence, respectively, as
a reference sequence, or has a specified percentage of amino
acid residues or nucleotides, respectively, that are the same
at the corresponding location within a reference sequence
when the two sequences are optimally aligned. For example,
an amino acid sequence that 1s “substantially identical” to a
reference sequence has at least about 85%, 90%, 95%, 96%,
7%, 98%, 99%, or 100% sequence 1dentity to the reference
amino acid sequence. For polypeptides, the length of com-
parison sequences will generally be at least 5, 6,7, 8, 9, 10,
11,12,13,14,15,16,17, 18,19, 20, 25, 50,75, 90, 100, 130,
200, 250, 300, or 350 contiguous amino acids (e.g., a
tull-length sequence). For nucleic acids, the length of com-
parison sequences will generally be at least 5, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 contiguous
nucleotides (e.g., the full-length nucleotide sequence).
Sequence 1dentity may be measured using sequence analysis
software on the default setting (e.g., Sequence Analysis
Software Package of the Genetics Computer Group, Uni-
versity ol Wisconsin Biotechnology Center, 1710 University
Avenue, Madison, Wis., 53703). Such software may match
similar sequences by assigning degrees of homology to
various substitutions, deletions, and other modifications.

“Heterologous,” as used herein, means a nucleotide or
polypeptide sequence that 1s not found in the native nucleic
acid or protein, respectively. A heterologous nucleic acid
sequence may be linked to a naturally-occurring nucleic acid
sequence (or a variant thereot) (e.g., by genetic engineering)
to generate a chimeric nucleotide sequence encoding a
chimeric polypeptide.

“Recombinant,” as used herein, means that a particular
nucleic acid, as defined herein, 1s the product of various
combinations of cloning, restriction, polymerase chain reac-
tion (PCR) and/or ligation steps resulting in a construct
having a structural coding or non-coding sequence distin-
guishable from endogenous nucleic acids found in natural
systems. DNA sequences encoding polypeptides can be
assembled from cDNA fragments or from a series of syn-
thetic oligonucleotides, to provide a synthetic nucleic acid
which 1s capable of being expressed from a recombinant
transcriptional unmit contained in a cell or in a cell-free
transcription and translation system. Genomic DNA com-
prising the relevant sequences can also be used in the
formation of a recombinant gene or transcriptional unit.
Sequences of non-translated DNA may be present 5' or 3
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from the open reading frame, where such sequences do not
interfere with manipulation or expression of the coding
regions and may indeed act to modulate production of a
desired product by various mechanisms. Alternatively, DNA
sequences encoding RNA (e.g., DNA-targeting RNA) that 1s
not translated may also be considered recombinant. Thus,
e.g., the term “recombinant™ nucleic acid refers to one which
1s not naturally occurring, e.g., 1s made by the artificial
combination of two otherwise separated segments of
sequence through human intervention. This artificial com-
bination 1s often accomplished by either chemical synthesis
means, or by the artificial manipulation of 1solated segments
of nucleic acids, e.g., by genetic engineering techniques.
Such 1s usually done to replace a codon with a codon
encoding the same amino acid, a conservative amino acid, or
a non-conservative amino acid. Alternatively, 1t 1s performed
to j01n together nucleic acid segments of desired functions to
generate a desired combination of functions. This artificial
combination 1s often accomplished by either chemical syn-
thesis means, or by the artificial manipulation of isolated
segments of nucleic acids, e.g., by genetic engineering
techniques. When a recombinant polynucleotide encodes a
polypeptide, the sequence of the encoded polypeptide can be
naturally occurring (“wild type™) or can be a variant (e.g., a
mutant) of the naturally occurring sequence. Thus, the term
“recombinant” polypeptide does not necessarily refer to a
polypeptide whose sequence does not naturally occur.
Instead, a “‘recombinant” polypeptide 1s encoded by a
recombinant DNA sequence, but the sequence of the poly-
peptide can be naturally occurring (“wild type”) or non-
naturally occurring (e.g., a variant, a mutant, etc.). Thus, a
“recombinant” polypeptide is the result of human interven-
tion but may be a naturally occurring amino acid sequence.

By “cleavage” it 1s meant the breakage of the covalent
backbone of a target sequence (e.g., a nucleic acid mol-
ecule). Cleavage can be initiated by a variety of methods
including, but not limited to, enzymatic or chemical hydro-
lysis of a phosphodiester bond. Both single-stranded cleav-
age and double-stranded cleavage are possible, and double-
stranded cleavage can occur as a result of two distinct
single-stranded cleavage events. DNA cleavage can result in
the production of eirther blunt ends or staggered ends. In
certain embodiments, a complex comprising a guiding com-
ponent and a nuclease 1s used for targeted double-stranded
DNA cleavage. In other embodiments, a complex compris-
ing a guiding component and a nuclease 1s used for targeted
single-stranded RINA cleavage.

By “cleavage domain” or “active domain™ or “nuclease
domain” of a nuclease 1t 1s meant the amino acid sequence
or domain within the nuclease which possesses the catalytic
activity for nucleic acid cleavage. A cleavage domain can be
contained in a single polypeptide chain or cleavage activity
can result from the association of two (or more) polypep-
tides. A single nuclease domain may consist of more than
one 1solated stretch of amino acids within a given polypep-
tide.

By an “eflective amount” or a “suflicient amount” of an
agent (e.g., a cargo), as used herein, 1s that amount sutlicient
to eflect beneficial or desired results, such as clinical results,
and, as such, an “eflective amount” depends upon the
context in which 1t 1s being applied. For example, in the
context of administering an agent that employs a CRISP
component to genetically modily a gene, an eflective
amount of an agent 1s, for example, an amount suflicient to
achieve increased or decreased expression of that gene, as
compared to the response obtained without administration of
the agent.
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By “attaching,” “attachment,” or related word forms 1s
meant any covalent or non-covalent bonding interaction
between two components. Non-covalent bonding interac-
tions include, without limitation, hydrogen bonding, 1onic
interactions, halogen bonding, electrostatic interactions, m
bond 1nteractions, hydrophobic interactions, inclusion com-
plexes, clathration, van der Waals 1nteractions, and combi-
nations thereof. A substitution as used herein requires an
attachment.

Disclosed herein are technologies to improve the essential
amino acid profile of RuBisCo. Using such modified
RuBisCo for improving for human, terrestrial, and maricul-
ture feeds would valorize the most abundant and underuti-
lized soluble biomass-derived protein source, and provide a
scalable technology basis for eliminating global protein
deficiency. In addition to its abundance, RuBisCo 1s easy to
extract and highly digestible, as well as having other favor-
able chemical and mechanical properties for feed applica-
tions, 1ncluding foam formation and gelation. Although
RuBisCo 1s already considered a nearly complete protein
source based on substantial quantities of the essential amino
acids for human nutrition (protein score=98/100), significant
improvements are possible by increasing incorporation of
two key amino acids, methionine (Met) and lysine (Lys),
which are typically limiting and costly for a variety feed
applications.

As disclosed herein, improvement of RuBisCo was
accomplished by generation of genetic constructs for expres-
sion of RbcL, the large subumt of RuBisCo, with strategi-
cally positioned codon swaps to increase the relative abun-
dance of each of the target amino acids, based on Graham’s
distance matrix proximity and non-disruption of enzyme
structure or function. Rbcl 1s encoded by chloroplasts 1n
plants such as algae or other plants 1n lealy biomass. Then,
genome 1ntegrated, stable expression of the Met- and Lys-
enriched RbcL constructs was demonstrated. Finally, analy-
si1s of the amino acid profiles from whole algae protein
hydrolysates from the control and Met- and Lys-enriched
Rbcl. mutants were conducted and indicated significantly
improved amino acid score in the mutants, as well as
enrichment of Met and Lys. These results provide a tech-
nological basis for addressing scaling and sustainability
issues associated with rapidly growing global protein
demand.

RuBi1sCo

RuBi1sCo 1s a complex of eight catalytic large subumit
(RbcL) and eight regulatory small subumts (RbcS). RbcS
may have a sequence length of 165 to 180 units, such as 166
to 178 units, or 170 to 175 umts, and RbclL may have a
sequence length of 440 to 475 units, such as 445 to 470, or
450 to 465 units. The weight-average molecular weight
(Mw) may be 12,000 to 55,000 Da. RbcS has an Mw of
12,000 to 15,000 Da and Rbcl. has an Mw of 52,000 to
55,000 Da, such as 52,500 to 54,500 Da, or 53,000 to 54,000
Da. RuBisCo catalyzes two reactions 1n plant biomass, the
carboxylation of D-ribulose 1,5-bisphosphate, which 1s the
primary event in carbon dioxide fixation; and the oxidative
fragmentation of the pentose substrate 1n the photorespira-
tion process. Both reactions occur simultaneously and in
competition at the same active site. If the mutations cause a
disruption 1n either of these functions, then the system will
not only lose its functionality but will also die off because
these functions are also central to RuBisCo’s

Sources ol biomass used as a starting material for the
process disclosed herein include herbaceous or woody
crops; crop residues, such as stalks and leaves of agricultural
crops; lforestry residues, such as unmerchantable timber
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remnants; and algal or cyanobacterial feedstocks. The bio-
mass source (or at least RuBi1sCo portion) should be ame-
nable to solubilization and hydrolysis of biopolymers con-
tained therein. RuBisCo makes up the major fraction of
casily soluble, hydrolysable, and mechanically processed
protein. The remaining proteins are largely structure, and
more recalcitrant to processing 1n general.

The experiments disclosed herein were conducted 1n a
cyanobacterial and algae species, Neochloris oleoabundans
and Synechocystis, or E. coli. Synechocystis 1s a genus of
unicellular, freshwater cyanobacteria 1n the family Meris-
mopediaceae. Syrechocystis 1s a photosynthetic cyanobac-
terita and 1s representative of the simplest photosynthetic
host for genetic manipulation; genetic modification for this
host can be extended to many other green algae or green
leaty biomass hosts. Other Cyanobacternas that can be used
include other fast growing cyanos such as species 2973 and
11901. Neochloris 1s a lipidic microalga belonging in the
class Chlorophyceae.

E. coli 1s a model bacterial host for enzymology. E. coli
was used 1n this study to verily protein expression 1n a
reduced system, absent photosynthetic apparati, to verily
that the cyanobacteria process worked as expected. While £.
Coli was used 1n the process disclosed herein to improve
RuBisCo, this and related (Corynebacterium glutamicum)
could be used for RuBisCo production in heterotrophic
fermentation, as opposed to photoautotrophically.

In Neochloris oleoabundans, a preliminary analysis was
made to determine the role of autophagy in regulation of
RuBisCo expression or degredation based on nutrient stress-
based lipid upregulation. FIG. 1 shows that under nitrogen-
replete conditions, RuB1sCo accounts for >60% of the total
protein 1n the biomass (based on Rbcl equivalents in the
RuBisCo complex). Under N-deficiency the total protein i1s
reduced by >753% with RuBisCo being disproportionately
degraded, indicating that nutrient replete conditions are
required for eflicient RbcL production, especially with addi-
tional Met and Lys incorporation, since these are enriched
with sulfur and nitrogen, respectively.

Retferring to FIG. 2, the strategy for achieving a fully
functional RuB1sCo variant with enhanced amino acid pro-
file for food and feed applications starts with a tiered
computational analysis and synthesis and design steps 201-
205. This 1includes scanning for Lys and Met mutagenesis on
the Rbcl umit of RuBisCo. These steps are for the goal of
designing a precise amino acid replacement strategy to
improve the Met and/or Lys content while keeping the
RuBisCo functionality unaltered or improved aiter the muta-
genesis. [T the primary functionality for carbon fixation 1s
destroyed through the mutation, then the algal biomass will
die and the process will cease. Prior work to modily
RuBisCo for improved carbon fixation has been diflicult and
met with many failures upon mutation.

In the computational analysis step 201, a computer-
assisted RuBisCo sequence design and analysis 1s per-
formed. Input to the computerized process 1s known
sequences of RuBisCo and modification 1s based on utili-
zation of Grantham’s distance matrix. Through Grantham’s
distance matrix concomitant amino acid units that have a
greater likelihood of being replaceable can be 1dentified 1n
the RuBi1sCo sequence based on their similarities to Met and
Lys.

Grantham’s distance matrix depicts distances between the
amino acids on the basis of their structural and functional
characteristics and was generated to study protein evolution.
The matrix predicts that, compared to other amino acids;

Arg, Thr and His are nearer to Lys while Leu, Phe, Val, Ile
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are closer to Met 1n terms of their substitution propensities.
This indicates that replacement of these amino acids by Lys
and Met, respectively, might not affect the protein folding
and thus might not aflect the functionality.

The methodology disclosed herein focused on mutations
to the major subunit of the native Syrechocystis RuBisCo,
Rbcl. This Rbcl has 14 Met and 20 Lys residues. Based on

Grantham’s distance matrix there are 106 sites (marked 1n
bold 1n FIG. 3 and excluding Met) that could be replaced by
codons for methionine. Likewise, there are 55 sites (marked
in underlining 1 FIG. 1 and excluding Lys) that could be
replaced by codons for lysine.

In an embodiment, 1 to 30 Met residues, such as 14 to 25,
or 15 to 20 can be substituted to the Rbcl subunit at various
locations 1n the 106 1dentified Leu, Phe, Val, and Ile sub-
stitutions sites. In an embodiment, 1 to 40 Lys residues, such
as 4 to 35, or 20 to 30 can be substituted into the Rbcl
subunit at various locations in the 35 1dentified Arg, Thr, and
His substitutions sites.

As a second design consideration, certain amino acids
constitute essential functionality in the Rbcl protein, and
these positions should be kept unchanged. Uniprot annota-
tions can be reviewed to assist in this process.

In a third design consideration, a further restriction of
mutation locations can be calculated based on enzyme
activity concerns, e.g. relative distance to protein-protein
and protein-substrate binding domains, and translation 1ni-
tiating and terminating codons based on standard plasmid
design principles.

After the RbcL mutations are planned and designed
through the computational analysis step 201, codons for
assembling the modified RbcL are synthesized at 203. This
may also mvolve computer aided analysis based on known
codons for the amino acid sequences of the modified RbcL
in the desired biomass medium, e.g. cyanobacteria, algae, or
E. Coll.

A plasmid 1s an extrachromosomal circular DNA that, 1n
this case, replicates independently in the biomass host.
Plasmids can be found 1n bacteria, archaea and eukaryotes.
At plasmid designing and synthesis step 205 a plasmid 1s
designed and constructed for assembling the modified RbcL
determined from computational analysis step 201.

An example plasmid map i1s shown 1n FIG. 3. Here a
recombinant plasmid construct 1s shown designed for the
expression of variant Rbcl. genes 1n Syrechocystis 6803.
The construct may been designed to replace the native RbcL
gene along with its promoter with the native Rbcl promoter
and the variant RbcL genes. This 1s a general plasmid map,
where X can be 1, 2, 3 etc., based on the number of variant
genes designed for expression. The upstream flanking region
(UFR) and downstream flanking region (DFR) may be
designed to integrate the construct into a specific loci in the
genomic DNA of host strain through homologous recombi-
nation.

In the example method of FIG. 2 plasmids are designed
and made for cyanobacteria and bacteria hosts. The codons
from codon synthesis step 203 are used to construct the
plasmids that will express the modified RbcL of RuBisCo.
In an embodiment, the RbcL 1 Syvrechocystis has a
sequence corresponding to

SEQ ID No. 1:
MVOQAKAGFKAGVODYRLTYYTPDYTPKDTDLLACFRMTPOQPGVPAREAAA

AVAAESSTGTWITVWIDNLTDLDRY KGRCYDLEAVPNEDNOYFAFIAYPL
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-continued
DLFEEGSVTNVLTSLVGNVFGFKALRALRLEDIRFPVALIKTFQGPPHGI

TVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDETKDDEN
INSQPFMRWRDREFLEFVOEATIEKAQAETNEMKGHY LNVTAGT CEEMMKRAE
FAKEIGTPIIMHDFETGGEF TANT TLARWCRDNGILLHIHRAMHAVVDROK

NHGIHFRVLAKCLRLSGGDHLHSGTVVGKLEGERGITMGEFVDLMREDYVE

EDRSRGIFFTOQDYASMPGTMPVASGGIHVWHMPALVEIFGDDS CLOEGGG

TLGHPWGNAPGATANRVALEACVOARNEGRNLAREGNDV IREACRWSPEL

AAACELWKEIKFEFEAMDTL.

In an embodiment, after applying the computational
analysis step 201, 1n the underlined portions, Isoleucine (I)
and Leucine (L) are replaced with methionine (M). In
another embodiment, Arginine (R) and Histidine (H) are
replaced with Lysine (K) in the non-underlined portion. In
an embodiment, a total of 14 M replacement are made, and
in another embodiment, a total of 21K replacements are
made. In an embodiment, only the end portions are modified,
excluding mutations i1n the region 111-381. In another
embodiment, mutations were spread across the entire

sequence.

The following SEQ ID Nos. 2-5, show modified RbcL
units with replacements made after the computational analy-
s1s step. In Sequences 2 and 3 14 M replacements were
made. In Sequences 4 and 35, 21 K replacement were made.
The 3 numbers at the end of the sequence imndicate GMQE,
QSQE, and Identity score with reference to an Rbcl protein

3zxw.1.]l from the Swissmodel database.

(RbcLh 1 A)
sequence No. 2
MVOAKAGFKAGVQDYRMTYYTPDYTPKDTDMLACFRMTPOQPGVPAEEARAA
AMAAESSTGTWTTVWTDNMTDLDRYKGRCYDMEAVPNEDNQYFAFMAYP L
DMFEEGSVTNVLTSLVGNVFGFKALRALRLEDIRFPVALIKTFQGPPHGI
TVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDEN
INSQPFMRWRDRFLFVOQEATEKAQAETNEMKGHY LNVTAGTCEEMMKRAE
FAKEIGTPIIMHDFFTGGFTANT TLARWCRDNGI LLHIHRAMHAVVDRQK
NHGIHFRVLAKCLRLSGGDHLHSGTVVGKLEGERGITMGFVDLMREDYVE
EDRSRGIFFTQDYASMPGTMPVASGGIHVWHMPALVEMEFGDDS CLOFGGG
TMGHPWGNAPGATANRVAMEACVOARNEGRNLAREGNDVMREACRWSPEM
AAACELWKEMKFEFEAMDTM (99,

99, 82.83)

(RbcL 2 A)

Sequence 1D No. 3
MVOQAKAGFKAGVODYRLTYYTPDYTPKDTDLLACFRMTPQPGVPARRAAA
AVAAESSTGTWITVWIDNMTDLDRYKGRCYDMEAVPNEDNOQYFAFMAY PL
DMFEEGSVTNVLTSLVGNVEFGFKALRALRLEDMRFPVALIKTFQGPPHGI
TVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDETKDDEN
INSQPFMRWRDRFMEVQEAIEKAQAETNEMKGHY LNVTAGTCEEMMKRAE
FAKEMGTPIIMHDEFEFTGGEF TANTTLARWCRDNGI LLHIHRAMHAVVDROK

NHGMHFRVLAKCLRLSGGDHLHSGTVVGKLEGERGMTMGEFVDLMREDYVE

EDRSRGMEFFTODYASMPGTMPVASGGIHVWHMPALVEMEGDDS CLOFGGG
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-continued
TMGHPWGNAPGATANRVALEACVQARNEGRNLAREGNDV IREACRWS PEL

AAACELWKEMKFEFEAMDTM (99, 98, 83.26)

(RbcL3)
sequence 1D No. 4

MVEKAKAGFKAGVEKDYRLTYYTPDYTPKDTDLLACFKMTPKPGVPAREEARAL
AVARKSSTGTWTTVWIDNLTDLDKY KGKCYDLEAVPNEDNKYFAFIAYPL
DLEFERGSVTNVLTSLVGNVEFGFKALRALRLEDIRFPVALIKTFQGPPHGI
TVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDEFTKDDEN
INSQPFMRWRDREFLEVOEAIEKAQAETNEMKGHY LNVTAGTCEEMMKRAE
FAKEIGTPIIMHDFEFTGGEF TANT TLARWCRDNGILLHIHRAMHAVVDROK
NHGIHFRVLAKCLRLSGGDHLHSGTVVGKLEGERGI TMGFVDLMREDYVE
EDRSRGIFFTODYASMPGTMPVASGGIHVWKMPALVEIFGDDS CLEE GGG
TLGKPWGNAPGATANKVALEACVEKARNEGRNLAKEGNDVIKEACKWSPEL

AAACELWKEIKFKFEAMDTL (98, 99, 81.37)

(RbcL4)
sequence 1D No. 5
MVKAKAGFKAGVODYKLTYYTPDYTPKDTDLLACFKMTPRKPGVPAEEAAL

AVAAESSTGTWTITVWIDNLTDLDKY KGRCYDLEAVPNEDNKYFAFIAYPIL
DLFEEGSVTNVLTSLVGNVEFGFRKALKALRLEDIRFPVALIKTFOQGPPHGI
TVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDEFTKDDEN
INSQPEFMRKWRDREFLEVOEAIEKAQAETNEMKGHY LNVTAGTCEEMMKRKAE
FAKEIGTPIIMHDFEFTGGEF TANT TLAKWCRDNGILLHIHRAMHAVVDROK
NHGIHFRVLAKCLRLSGGDHLHSGTVVGKLEGERGLI TMGFVDLMREDYVE
EDRSRGIFFTOQDYASMPGTMPVASGGIHVWRKMPALVEIFGDDS CLREGGG
TLGRKPWGNAPGATANKVALEACVQARNEGKNLAKEGNDV IKEACKWSPEL

AAACELWKEIKFEFEAMDTL (98, 98, 81.76)

In an embodiment, the modified sequence of the RbcL can
be selected from analogs thereof and those with at least 84%

sequence 1dentity to one or any of Sequence ID Nos. 2-3,
based on the entire chain length, wherein X 1s 85%, 90%,

95%, or 99%. In an embodiment, only modified RbcL units
that are artificially synthesized and do not occur 1n nature are

covered by the modified RbclL units and their analogs
disclosed herein. In an embodiment, analogs of the modified
RbcL are not included.

At transformation step 211, a cyanobacteria host, for
example, as shown herein, Syrnechocystis (species PCC
6803) 1s transformed by introducing the engineered plasmid
from the plasmid designing and synthesis step 205. The
engineered plasmid replicates in both nuclear DNA and
plastid DNA of the host, expressing the modified RuBisCo
with improved protein score. The culture produces a stable,
genome-integrated mutant of RuBisCo.

At 213 colonies can be obtained on an agar plate for
analysis. These colonies can be further assayed to determine
the RuBisCo functionality and confirm the culture 1s stable,
1.€., that 1t 1s homologous and recombinant. Growth 1s an
indirect measure of RuBi1sCo functionality.

At 215 further assay steps are performed for assessing the
modified RuB1sCo functionality. This may include testing to
determine 1f the modified RbcL. or modified RuBi1sCo has
attained homologous recombination and 1f nuclear and plas-
mid DNA 1sertion 1s occurring. The goal being to produce
a stable, genome-ntegrated RuBi1sCo mutant.
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At step 217 the mutated RuBi1sCo 1s derivatized and a
GC-MS analysis 1s made of the crude and purified proteins.
In this example the results can be compared with the
modified RuBi1sCo from the algal (Syrechocystis) and bac-
terial (£. coli) samples to determine 11 the final product 1s the
same.

Another route for expression and cultivation of the
example modified RbcL and RuBi1sCo 1s disclosed for a
bacterial host. At step 221 a bacterial host, E. Coli (e.g.
BL21-DE3), 1s transiformed by introducing the engineered
plasmid from plasmid designing and synthesis step 205. In
an embodiment, a promoter may be used, such as, a’T7 RNA
polymerase promoter, to promote the expression 1n £. Coll.

At step 223 the £. Coli transformants are cultivated and
transcription of the modified RBcL 1s induced with a
metabolite such as 1sopropyl [3-d-1-thiogalactopyranoside
(IPTG).

At step 225 the cultivated E. Coli transtormants are lysed
and the E. Coli protein enriched with the modified RbcL
lysate 1s obtained.

At step 227 the modified RbcL lysate 1s loaded onto a
chromatography column, such as a Ni-NTA column, for
purification extraction. The resin bound proteins are 1solated
by, for example, adding an imidazole using a basic bufler
solution, e.g., 7.5 t0 9, or 7.8 to 8.5 pH.

Step 217 can follow step 227 or step 21,5 and, as
discussed above, the mutated RuBi1sCo 1s derivatized and a
GC-MS analysis 1s made of the crude and purified RuBi1sCo
proteins. Again, the results can be compared with the
modified RuBi1sCo from the algal (Syrechocystis) and bac-
terial (E. Coli) samples to determine 11 the final product 1s
the same.

In an embodiment, the engineered plasmid replicates 1n
both nuclear DNA and plastid DNA of the host, expressing
the modified RuBi1sCo with an improved protein score. The
culture produces a stable, genome-integrated mutant of
RuBisCo.

In FIG. 4, an example process for making and using the
modified RuBisCo 1s disclosed.

At step 405 a source of RuBisCo containing RbcL 1s
identified and precipitated from solution using acid/base
shift, with or without 1solation of Rbcl, from RuBisCo
complex.

At step 408 a decision 1s made as to whether either or both
Met and/or Lys substitutions will be made on the RbcL. This
will determine whether either Met substitution step 410 or
Lys substitution step 413 are taken, or both. In embodiments
where both steps are performed, Met substitution step 410 1s
performed first, then Lys substitution step 415 i1s performed;
or Lys substitution step 415 1s performed first and Met
substitution step 410 1s performed second. In an embodi-
ment, they are performed simultaneously, 1.e., in the same
lab reaction.

At Met substitution step 410 Met 1s substituted on the
source Rbcl. for Leu, Phe, Val, or Ile or combinations
thereof. The location and number of substitutions may be
driven by the results of the computational analysis step
disclosed 1n FIG. 2. In an embodiment, only Met 1s substi-
tuted and 1 to 30 substitutions are made with the optional
ranges as disclosed above. In an embodiment, only one of
Leu, Phe, Val, and Ile in the source RbcL are substituted. In
an embodiment, combinations of any of these are substi-
tuted.

At Lys substitution step 415 Lys 1s substituted on the
source RbcL for Arg, Thr, or His or combinations thereof.
The location and number of substitutions may be driven by
the results of the computational analysis step disclosed in
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FIG. 2. In an embodiment, only Lys 1s substituted and 1 to
40 substitutions are made with the optional ranges as dis-
closed above. In an embodiment, only one of Arg, Thr, and
His 1n the source RbcL are substituted. In an embodiment,
combinations of any of these are substituted.

At step 417 codons are optimized for generating the
modified RbcL

At step 418 a plasmid 1s constructed to replicate the
modified RbcL. with homologous recombination in a bio-
mass host.

At step 420 the modified RuBi1sCo, 1.¢., the RbcL. modi-
fied with the substitutions from Met substitution step 410
and/or Lys substitution step 4135, 1s added to a biomass host,
¢.g., by mtroduction of the plasmid of step 418. The modi-
fied RbcL 1s stably incorporated into the RuBi1sCo complex.
The biomass may be those disclosed herein, such as an algal
cyanobacteria or £. Coli. The biomass may be cultivated 1n
marine, brackish, or fresh water environments.

At step 430 the modified RuBisCo 1s cultivated in the
host. This mvolves maintaining suilicient nutrients, such as

nitrogen, and pH in the biomass, enabling the modified
RuBisCo to replicate and grow as a stable, genome-inte-
grated mutant species. The cultivation step, may take from
1 day to 12 months, such as 1 week to 6 month, or 1 month
to 3 months, to grow a desirable quantity of the modified
RuBisCo.

In an embodiment, suflicient pH levels, are, for example,
5.51011.0, such as 6 t0 9.5, 6.5 to 8.5. Coastal estuaries may
be a particular advantageous location for such biomass
growth and harvesting. It presents a brackish area of salt
water, often with suflicient pH levels, with protection from
mechanical disruption and dispersion from waves. Areas
that have natural fertilizer run-ofl may present a convenient
source of nitrogen to dfoster continued growth. Areas
exposed to the sun are also desirable for the phot-respiration
process.

At step 440, the modified RuBi1sCo i1s harvested after the
period of cultivation. Harvesting may include pushing, suck-
ing, or skimming the biomass from the environment, typi-

cally a body of water. Separation and enrichment of

RuBisCo from the whole biomass via precipitation of the
soluble proteins can then be performed under base shift
conditions. See, e.g., Kobbi, S., Bougatetf, A., Le flem, G. et
al. Punification and Recovery of RuBisCO Protein from
Alfalta Green Juice: Antioxidative Properties of Generated
Protein Hydrolysate. Waste Biomass Valor 8, 493-304
(2017) incorporated herein by reference.

Then at step 450, the modified RuBisCo can be processed
turther to make 1t a useful and preferably a palatable food
source for different end uses. The modified RuBi1sCo can be
used as a food source for many types of animals. It has a
gelatinous, taste-less character, which could be flavored or
mixed with other ingredients to make 1t more appealing. The
enhanced RuBisCo could be particularly useful as an animal
feed for animals that require a higher protein content, such
as fish, or other marine animals, e.g., mussels, as well as
chicken and swine. While ruminants do not require a high
protein diet, the improved RuBisCo can also find use as a
feedsource for ruminants.

In an embodiment, where the modified RuBi1sCo 1s used
as a fish food it could be grown 1n the body of water with the
fish 1t 1s mtended to feed and no harvesting steps may be
necessary.

In an embodiment, the modified RuBi1sCo has a PDCAAS
protein score of greater than 98, such as, for example, 98.1
to 120, or 98.5 to 100, or 99 to 99.9. In an embodiment, the
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modified RuBi1sCo has a viscosity of 1 to 1,000 mPas at a
shear rate of 100 (1/s), such as 10 to 500 mPas or 50 to 200

mPas.

EXAMPLES

Example 1

After performing computational analysis as described
above m FIG. 2 and 1ts accompanying text above, four
mutant RbcLs were synthesized from an RbcL correspond-
ing to SEQ ID No. 1. In particular, Graham’s distance matrix
was used to determine likely substitution locations for Met
and Lys, then Um-Prot annotations were deciphered to
determine some substitutions that should be avoided to
prevent lethal mutations. Finally, further computations
based on enzymatic concerns (e.g., protein-protein and pro-
tein-substrate binding) were accounted for to determine four
example mutant RbcL sequences.

Methionine replacements were conducted in pMFO1 and
pMFO2, and these corresponded to SEQ ID Nos. 2 and 3.
Lysine replacements were conducted in pMF03 and pMF04,
and these corresponded to SEQ ID Nos. 4 and 3.

RuBisCO amino acid sequence of Syrnechocystis Sp. PCC
6803 was obtamned from UniProt online database. The
RuBi1sCO amino acid sequence was then modified by replac-
ing the similar amino acid for methionine and lysine accord-
ing to Grantham’s distance difference D index to increase
the number of Lysine and Methionine by approximately
two-fold.

Grantham’s Distance diflerence D for each pair of amino
acid 1 and 7 were compared with both Methionine and
Lysine. Those amino acids were considered for replacement
which had least Distance difference D with respect to
Methionine and Lysine respectively. The substrate binding
site, metal binding site and active site of RuBi1sCo amino
acid sequence were not disturbed during modification of the
native RuBisCo.

Four Rbcl amino acid sequences of RuBi1sCo were modi-
fied, SEQ ID No. 2 and 3 for Methionine and SEQ ID No.
4 and 5 for Lysine. The modified amino acid sequences were
examined through the online Swiss-Model for homologous
protein modeling and sequence identity.

In Swiss-Model, GMQE (Global Model Quality Estima-
tion) and QSQE (quaternary structure quality estimate) score
1s expressed as a number between O and 1, reflecting the
expected accuracy, reliability, and the reliable quaternary
structure prediction 1 the modelling process respectively.
During modification of the amino acid sequences, GMQE &
QSQE scores were optimized to near “1” because a score
above 0.7 can be believed reliable.

The modified Rubisco nucleotide sequences were codon
optimized from the online GenScript Codon Optimization
tool. The engineered and codon optimized RuBi1sCo nucleo-
tide sequences were synthesized from Twist Bioscience,
Gene Synthesis Company, San Francisco, Calif., USA.

A construct was designed to replace the native RbcL gene
along with its promoter with the native promoter and the
variant RbcL. genes. 400 bp from upstream flanking region
(UFR) and downstream flanking region (DFR) were mnserted
to mtegrate the construct mnto genomic DNA of host strain
through homologous recombination.

All cloning was conducted using circular polymerase
extension clomng (CPEC) method. All forward and DFR-R
reverse primers were designed with 25 to 30 base pair
overhang region.
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Upstream flanking region (UFR) and downstream flank-
ing region (DFR) were amplified from Genomic DNA of
Synechocystis Sp. PCC 6803 with UFR-F, UFR-R, DFR-F &
DFR-R primers respectively. Kanamycin resistance cassette
was used as a selection marker, and was amplified from
pEERM3 vector with KmR-F and KmR-R primers.

Native PrbcL promoter was used for expression of engi-
neered RuBisCo protein and was amplified from genomic
DNA of PCC 6803 with PrbcL-F and PrbcL-R primers.
Engineered RuBi1sCo nucleotide sequences were amplified
with RbcL-F and RbcL-R primers from synthetic pET21
plasmid (Twist Biosience, San Francisco, USA). pUCI9
plasmid was used as backbone vector, EcoRI restriction
enzyme was used to make 1t linear a DNA fragment.

In a first step, amplified fragments UFR, KmR and PrbcL
with overhang region were combined together by perform-
ing SOE PCR. In a second step RbcL. and DFR amplified
fragments with overhang region were combined together by
performing SOE PCR. In a final step 3 the product of step
1 and step 2 along with pUC19 backbone with overhang
region were joined together 1n a single tube one step PCR
reaction by the Circular Polymerase Extension Cloming
(CPEC) method. pMFOI1, pMFO02, pMF03 & pMF04 (Cor-
responding to SEQ ID Nos. 2-5) were constructed by
following step (1-3).

Introduction of the plasmid into the cells can be done by
clectrochemical poration, particle bombardment, detergent-
mediated transfection, or related techniques.

Example 2

All of the constructed plasmid pMFO1, pMFO02, pMFO3
& pMFO4 were transformed 1n to already prepared chemi-
cally competent £. coli DH5 alpha cells.

The transformed cells were spread on LB agar plates with
carbenicillin 100 pg/ml and incubated overnight at 37° C.
The colonies on LB agar plates were screened by colony
PCR. The positive colonies for plasmid were 1mnoculated into
LB liquid medium with carbenicillin 100 pg/ml.

The pMFO1, PMFO2, pMFO03 & pMF04 plasmids were
purified from DHS alpha cell liquad culture. The transformed
cells were spread on LB agar plates with carbenicillin 100
ug/ml and 1ncubated overnight at 37° C.

The colonies on LB agar plates were screened by colony
PCR. The positive colonies for plasmid were 1mnoculated into
LB liquid medium with carbenicillin 100 pg/ml.

The pMFOI1, PMFO2, pMFO03 & pMF0O4 plasmids were
then purified from transformed DHS alpha cell liquid cul-
ture. The wild type strains of Syrechocystis Sp. PCC6803
were grown 1n BG11 medium and incubated at the standard
culture condition (at 30° C., with 100 uE m-2 s-1 of constant
illumination).

50 mL of Syrechocystis Sp. PCC6803 culture with OD of
1 was centrifuged at 8000 RPM for 5 minutes and the pellets
were dissolved i fresh BG11 liquid media and were mixed
well. The culture was centrifuged again at 8000 RPM 1for 5
minutes. The pellets were dissolved again 1n 4 mL of fresh
BG11 liquid media and 1 mL of culture was distributed into
4 sterile 1.7 ml tubes. The culture tubes were centrifuged
again at 8000 RPM {for 5 minutes and the pellets were
dissolved 1n to 400 uL fresh BG11 liquid media.

Then 1 pg of plasmid DNA (pMFO1, pMFO2, pMFO03 &
pMF04) was added into each tube respectively and incu-
bated for 6 hrs at 30° C. with shaking at 250 rpm & 100
wEm-2 s-1 of constant illumination. After 6 hrs of incubation
the entire 400 ul transformed cells culture were spread on
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BG11 agar plates with 20 ug/ml of Kanamycin. These plates
were mcubated at 30° C. with 100 uEm-2 s-1 of constant
1llumination.

FIG. 5 shows two agar plates after the transformation of
plasmids pMFO1, pMFO02, pMF03 & pMF04 into WT Syn-
echocystis sp. PCC 6803 as described above.

Example 3

After 7 to 8 days of transformation, the colonies of
RuBisCo variant Syrechocystis Sp. PCC6803 appeared on
BG 11 agar plates with 20 mg/ml of Kanamycin. To confirm
the constructs, 10 colonies from each of four BG11 agar
plates were selected and screened by colony PCR with

UFR-F and DFR-R primers. Subculture 1: 8 positive colo-
nies of RuBi1sCo vanant Syrechocystis Sp. PCC6803 from
cach LB agar plate were further subcultured on fresh BG11
agar plates with 20 ug/ml of Kanamycin.

These “Subculture 1 plates were further subcultured on
fresh BG11 agar plates 20 ug/ml of Kanamycin for several
rounds to properly segregate the mutant RbcL. gene into the
genomic DNA of Svrechocystis Sp. PCC6803 through
homologous recombination.

Selected positive colonies were subcultured on fresh
BG11 agar plates with 20 ug/ml of Kanamycin for a total of
7 times and repeated after every two days.

FIGS. 6 and 7 show agar plates with six subcultures with
transformed colonies (from Example 3) onto BG11+KM 20
plates for segregation. The stable growth of the cultures
indicates nucleus and plastid integration.

TABLE 1
Transformation Day 1
Subculture S 1 Day 9
Subculture S 2 Day 12
Subculture S 3 Day 15
Subculture § 4 Day 17
Subculture S 5 Day 19
Subculture S 6 Day 22

Example 4

FIG. 8 at the shows the design that was integrated into the
Rbcl loc1 1 Syrechocystis 6803. The presence of antibiotic
resistance marker makes the region in between the UFR and
DFR to be larger than the region present in the wild-type.
The bottom pane shows a gel electrophoresis of the colony
PCR for Subculture 6 versus a positive control. Primers
binding to the UFR and DFR region of the plasmid were
taken and the DNA region in between amplified by PCR and
analyze by gel electrophoresis. Presence of bands the same
s1ze as that of positive control imndicated successtul genome
integration of pMFO1, pMFO02, pMFO03, and pMF04 RbcL

(corresponding to SEQ ID Nos 2-3, respectively).

Example 5

The wild type and RuBi1sCo variant strains ol Syrecho-
cystis Sp. PCC6803 were grown in 20 mL of BG11 liquid
medium with and without 20 ug/ml of Kanamycin, and
incubated at the standard culture conditions (30° C., 250 rpm
shaking & 100 uE m™> s™" of constant illumination).

RuBisCo variant transformed Syrechocystis Sp.
PCC6803 cells were pellet down from 20 mL of culture at
OD 0.8 to 0.9, washed with 0.9% NaCl or water (centrifuged
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at 19000 g for 8 min, abandon the supernatant) and the
pellets were resuspended mto 1 ml Eppendort tubes.
After the cells were transferred in to GC vials, 1.5ml 6 M

HCI1 was added to the GC wvials, the vials were capped and

placed 1 an oven at 100° C. for 24 hours to hydrolyze all of 5

the protein into their amino acid monomers. After 24 hrs
incubation, the GC vials were centrifuged at 19000 g for 8
min, the supernatant was kept, and pellets were discarded.
The lids of the vials were removed and the samples were

18

FIG. 10 indicates that significant improvement in the
amount of Methionine and Lysine in the example modified
RuBisCo was accomplished compared to the wild type.

Protein scores were performed on the Example modified
RuBisCos, and these were greater than 100, up to about 120,
assuming no changes in digestibility.

What has been described above includes examples of one
or more embodiments. It 1s, of course, not possible to
describe every conceivable modification and alteration of

dried completely under a steam of air or nitrogen overnight. 10 the above devices or methodologies for purposes of describ-

The samples were then dissolved with 150 ul of tetrahy- ing the atorementioned aspects, but one of ordinary skill 1n
drofuran (THF) and 150 ul of n-tetrabutyldimethylsilyl the art can recognize that many further modifications and
derivatization reagent and were incubated at 60° to 85° C. permutations of various aspects are possible. Accordingly,
for 1 hour 1n an oven or water bath. The samples were the described aspects are intended to embrace all such
centrifuged at 19000 g for 10 minutes and then the super- 15 alterations, modifications, and variations that fall within the
natant was transferred into new GC vials. spirit and scope of the appended claims. Furthermore, to the

At an 1njection ratio of 1:5 or 1:10, the following GC MS extent that the term “includes” 1s used 1n either the detailed
temperature program was used: hold at 150° C. for 2 min; description or the claims, such term 1s intended to be
increase at 3° C. per minute to 280 C; increase at 20° C. per inclusive 1 a manner similar to the term “comprising” as
min to 300° C. and hold for 5 minutes. 20 “comprising” 1s interpreted when employed as a transitional

An analysis of the strain (whole cell comparison) was word 1 a claim. The term “consisting essentially” as used
conducted compared to wild type (WT) RuBisCo 1n Syn- herein means the specified materials or steps and those that
echocystis (species PCC 6803). The RbcL of the WT cor- do not materially affect the basic and novel characteristics of
responded to SEQ ID No. 1. the material or method. Unless the context indicates other-

FIG. 9 shows a GC-MS amino acid analysis of the pMFO1 25 wise, all percentages and averages are by weight. If not
and pMFO2 samples (Met replacements top panel); and specified above, the properties mentioned herein may be
pMFO3, and pMFO04 samples (Lys replacements, bottom determined by applicable ASTM standards, or 1f an ASTM
panel). The A at the end of the sample IDs 1n the figures standard does not exist for the property, the most commonly
denotes a biological replicate. used standard known by those of skill in the art may be used.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 5

<210> SEQ ID NO 1

<211> LENGTH: 470

<212> TYPE: PRT

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic peptide

<400> SEQUENCE: 1

Met Val Gln Ala Lys Ala Gly Phe Lys Ala Gly Val Gln Asp Tyr Arg

1 5 10 15

Leu Thr Tyr Tyr Thr Pro Asp Tyr Thr Pro Lys Asp Thr Asp Leu Leu

20 25 30
Ala Cys Phe Arg Met Thr Pro Gln Pro Gly Val Pro Ala Glu Glu Ala
35 40 45
Ala Ala Ala Val Ala Ala Glu Ser Ser Thr Gly Thr Trp Thr Thr Val
50 55 60

Trp Thr Asp Asn Leu Thr Asp Leu Asp Arg Tyr Lys Gly Arg Cys Tyr

65 70 75 30

Asp Leu Glu Ala Val Pro Asn Glu Asp Asn Gln Tyr Phe Ala Phe Ile

85 90 95
Ala Tyr Pro Leu Asp Leu Phe Glu Glu Gly Ser Val Thr Asn Val Leu
100 105 110
Thr Ser Leu Val Gly Asn Val Phe Gly Phe Lys Ala Leu Arg Ala Leu
115 120 125
Arg Leu Glu Asp Ile Arg Phe Pro Val Ala Leu Ile Lys Thr Phe Gln
130 135 140
Gly Pro Pro His Gly Ile Thr Val Glu Arg Asp Lys Leu Asn Lys Tyr
145 150 155 160



Gly

Ala

ASp

Trp

Ala

225

Thr

Thr

Thr

Hig

His

305

Leu

Thr

ATrg

Thr

Leu

385

Thr

Val

Ala

Glu

Glu
465

<210>
<211>
<212>
<213>
<220>
<223 >

<400>

Arg

Phe
Arg
210

Glu

Pro

Thr

Arg

290

Phe

His

Met

Sexr

Met

370

Val

Leu

2la

ATy

Leu

450

2la

Pro

Agn

Thr

195

ASP

Thr

Glu

Ile

Leu

275

Ala

ATrg

Ser

Gly

Arg

355

Pro

Glu

Gly

Leu

Glu

435

Ala

Met

Leu

Tyr

180

ATg

Agn

Glu

Ile

260

Ala

Met

Val

Gly

Phe

340

Gly

Val

Ile

His

Glu

420

Gly

Ala

ASP

PRT

SEQUENCE :

Leu

165

Gly

Asp

Phe

Glu

Met

245

Met

His

Leu

Thr

325

Val

ITle

Ala

Phe

Pro

405

2la

Asn

2la

Thr

SEQ ID NO 2
LENGTH :
TYPE :
ORGANISM: Artificial sequence
FEATURE:
OTHER INFORMATION:

4770

2

Gly

ATg

ASpP

Leu

Met

230

Met

Hisg

Trp

Ala

Ala

310

Vval

ASpP

Phe

Ser

Gly

390

Trp

Leu
4770

19

Ala

Glu

Phe
215

Val

295

Val

Leu

Phe

Gly

375

Asp

Gly

Val

Val

Glu
455

Thr

Val

Agn

200

Val

Gly

ATrg

Phe

Arg

280

Val

Gly

Met

Thr

360

Gly

ASP

Agn

Gln

Ile

440

Leu

Tle

Tyr

185

Tle

Gln

Hig

Ala

Phe

265

ASDP

ASP

Leu

ATrg

345

Gln

Tle

Ser

Ala

Ala

425

ATg

Trp

Lys
170
Glu

Agn

Glu

Glu
250
Thr

Agn

ATrg

Leu

330

Glu

ASp

His

Pro
4710

Arg

Glu
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Pro

Ser

Ala

Leu

235

Phe

Gly

Gly

Gln

Leu

315

Glu

ASDP

Val

Leu

395

Gly

Agn

Ala

Glu

Synthetic peptide

-continued

Lys Leu Gly Leu

Leu

Gln

Ile

220

AsSn

Ala

Gly

Tle

Lys

300

Ser

Gly

Ala

Trp

380

Gln

Ala

Glu

Tle
460

Arg
Pro
205

Glu

Val

Phe

Leu

285

AsSn

Gly

Glu

Val

Ser

365

His

Phe

Thr

Gly

Arg

445

Lys

Gly
120

Phe

Lys

Thr

Glu

Thr

270

Leu

His

Gly

ATrg

Glu

350

Met

Met

Gly

Ala

ATrg

430

Trp

Phe

175

Gly

Met

2la

ala

Tle

255

ala

His

Gly

ASP

Gly

335

Glu

Pro

Pro

Gly

Agn

415

Agn

Ser

Glu

Ser

Leu

Gln

Gly

240

Gly

Agn

Tle

Tle

Hig

320

Tle

ASpP

Gly

Ala

Gly

400

Arg

Leu

Pro

Phe

Met Val Gln Ala Lys Ala Gly Phe Lys Ala Gly Val Gln Asp Tyr Arg

1

5

10

15

Leu Thr Tyr Tyr Thr Pro Asp Tyr Thr Pro Lys Asp Thr Asp Leu Leu

20

25

30

Ala Cys Phe Arg Met Thr Pro Gln Pro Gly Val Pro Ala Glu Glu Ala

35

40

45

20



Ala

Trp

65

ASP

Ala

Thr

ATrg

Gly

145

Gly

Ala

ASp

Trp

Ala

225

Thr

Thr

Thr

Hig

Hig

305

Leu

Thr

Arg

Thr

Leu

385

Thr

Val

Ala

2la
50

Thr

Met

Ser

Leu

130

Pro

Arg

Phe

Arg

210

Glu

Pro

Thr

Arg
290

Phe

Hig

Met

Ser

Met

370

Val

Met

2la

Arg

Ala

ASP

Glu

Pro

Leu

115

Glu

Pro

Pro

Agn

Thr

195

ASP

Thr

Glu

Tle

Leu

275

Ala

Ser

Gly

Arg

355

Pro

Glu

Gly

Leu

Glu
435

Val

Agn

Ala

Leu

100

Val

ASP

His

Leu

Tyr

180

ATg

Agn

Glu

Tle

260

Ala

Met

Val

Gly

Phe
240

Gly

Val

Met

His

Glu

420

Gly

Ala

Met

Val

85

Asp

Gly

Met

Gly

Leu

165

Gly

Asp

Phe

Glu

Met

245

Met

ATy

His

Leu

Thr
325

Val

Met

Ala

Phe

Pro

405

Ala

AsSn

Ala

Thr

70

Pro

Met

Agn

ATg

Tle

150

Gly

ATg

ASpP

Met

Met

230

Met

Hisg

Trp

Ala

Ala

310

Val

ASP

Phe

Ser

Gly

390

Trp

ASpP

21

Glu
55

AsSp
Asn
Phe
Val
Phe

135

Thr

Ala

Glu

Phe
215

Val
295

Val

Leu

Phe
Gly
375
Asp
Gly

Val

Val

Ser

Leu

Glu

Glu

Phe

120

Pro

Val

Thr

Val

Agn

200

Val

Gly

Arg

Phe

ATy

280

Val

Gly

Met

Thr
360

Gly

ASP

Agh

Gln

Tle
440

Ser

ASP

ASP

Glu

105

Gly

Val

Glu

Tle

Tyr

185

Tle

Gln

Hig

Ala

Phe

265

ASP

ASDP

Leu

ATg
345

Gln

Tle

Ser

Ala

Ala

425

ATrg

Thr

Arg

Agn

90

Gly

Phe

2la

Arg

Lys

170

Glu

Agn

Glu

Glu
250
Thr

Agn

Arg

Leu
330

Glu

ASp

His

Pro
410

Arg

Glu
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Gly
Tyr
75

Gln

Ser

Leu
ASp
155

Pro

Ser

Ala

Leu

235

Phe

Gly

Gly

Gln

Leu

315

Glu

ASDP

Val

Leu

395

Gly

Agnh

Ala

-continued

Thr Trp Thr Thr

60

Val

Ala

ITle
140

Leu

Gln

Tle

220

AsSn

Ala

Gly

ITle

Lys

300

Ser

Gly

Ala

Trp

380

Gln

Ala

Glu

Gly

Phe

Thr

Leu

125

Leu

Leu

Arg

Pro

205

Glu

Val

Phe

Leu
285

AsSn

Gly

Glu

Val

Ser

365

His

Phe

Thr

Gly

Arg
445

ATrg

Ala

Agn

110

ATrg

Thr

Agn

Gly

Gly

190

Phe

Thr

Glu

Thr

270

Leu

His

Gly

ATg

Glu
350

Met

Met

Gly

Ala

ATrg

430

Trp

Cys

Phe

o5

Val

2la

Phe

Leu

175

Gly

Met

2la

ala

Met

255

2la

Hig

Gly

ASpP

Gly

335

Glu

Pro

Pro

Gly

AgSh

415

Agn

Ser

Val

Tyr

80

Met

Leu

Leu

Gln

Tyr

160

Ser

Leu

Arg

Gln

Gly

240

Gly

Agn

Ile

Met

His

320

Met

ASpP

Gly

Ala

Gly

400

Leu

Pro

22
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-continued

Glu Leu Ala Ala Ala Cys Glu Leu Trp Lys Glu Met Lys Phe Glu Phe

450

Glu Ala Met Asp Thr Met

465

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

PRT

SEQUENCE :

Met Val Gln Ala

1

Leu

Ala

Ala

Trp

65

ASp

Ala

Thr

ATrg

Gly

145

Gly

Ala

ASP

Trp

Ala

225

Thr

Thr

Thr

Hig

His

305

Leu

Thr

2la
50
Thr

Met

Ser
Leu
130

Pro

Arg

Phe

Arg
210

Glu

Pro

Thr

Arg

290

Phe

His

Tyr

Phe

35

Ala

ASP

Glu

Pro

Leu

115

Glu

Pro

Pro

Agn

Thr

195

ASP

Thr

Glu

Ile

Leu

275

Ala

ATg

Ser

Tyr

20

ATg

Val

Agn

Ala

Leu

100

Val

ASDP

His

Leu

Tyr

180

ATrg

Agn

Glu

Ile

260

Ala

Met

Val

Gly

SEQ ID NO 3
LENGTH :
TYPE :
ORGANISM: Artificial sequence
FEATURE:
OTHER INFORMATION:

4°70

3

Met

Ala

Met

Vval

85

AsSp

Gly

Met

Gly

Leu

165

Gly

Asp

Phe

Glu

Met
245

Met

Arg

His

Leu

Thr
325

470

Ala

Pro

Thr

Ala

Thr

70

Pro

Met

AsSn

ATrg

ITle

150

Gly

ATrg

ASpP

Met

Met

230

Met

Hig

Trp

Ala

Ala

310

Vval

455

Synthetic peptide

Gly

Asp

Pro

Glu

55

Asp

Asn

Phe

Val

Phe

135

Thr

Ala

Glu

Phe
215

Val
295

Val

Phe

Gln

40

Ser

Leu

Glu

Glu

Phe

120

Pro

Val

Thr

Val

Agn

200

Val

Gly

ATy

Phe

Arg
280

Val

Gly

Thr

25

Pro

Ser

ASP

ASDP

Glu

105

Gly

Val

Glu

Tle

Tyr

185

Ile

Gln

His

Ala

Phe
265
ASDP

ASP

Leu

2la

10

Pro

Gly

Thr

Arg

Agn

90

Gly

Phe

2la

Lys
170

Glu

Agn

Glu

Glu
250

Thr

Agn

Arg

Arg

Leu
330

Gly

Val

Gly

Tyr

75

Gln

Ser

Leu
ASDP
155

Pro

Ser

Ala

Leu

235

Phe

Gly

Gly

Gln

Leu
315

Glu

460

Val

ASDP

Pro

Thr
60

Val

Ala

Tle
140

Leu

Gln

Tle

220

AsSn

Ala

Gly

Tle

Lys
300

Ser

Gly

Gln

Thr

Ala

45

Trp

Gly

Phe

Thr

Leu

125

Leu

Leu

Arg

Pro

205

Glu

Val

Phe

Leu

285

AsSn

Gly

Glu

ASP

ASP

30

Glu

Thr

ATg

Ala

Agn

110

ATg

Thr

Agn

Gly

Gly

120

Phe

Thr

Glu

Thr

270

Leu

His

Gly

ATrg

Tyr
15
Leu

Glu

Thr

Phe
o5
Val

ala

Phe

Leu

175

Gly

Met

2la

2la

Met
255

ala

His

Gly

ASP

Gly
335

Arg

Leu

Ala

Val

Tyr

80

Met

Leu

Leu

Gln

Tyr

160

Ser

Leu

ATrg

Gln

Gly

240

Gly

Agn

Tle

Met

Hig
320

Met

24



Thr

Arg

Thr

Leu

385

Thr

Val

Ala

Glu

Glu
465

<210>
<«211>
«212>
<213>
«220>
<223 >

<400>

Met

Ser

Met

370

Val

Met

2la

Arg

Leu

450

Ala

Gly

Arg

355

Pro

Glu

Gly

Leu

Glu

435

Ala

Met

Phe

340

Gly

Val

Met

His

Glu

420

Gly

Ala

ASP

PRT

SEQUENCE :

Met Val Lys Ala

1

Leu

Ala

Ala

Trp

65

ASP

Ala

Thr

ATg

Gly

145

Gly

Ala

ASP

Trp

Thr

Ala
50
Thr

Leu

Ser

Leu
130

Pro

Arg

Phe

Arg
210

Tyr

Phe

35

Ala

ASP

Glu

Pro

Leu

115

Glu

Pro

Pro

Agn

Thr

195

ASP

Tyr

20

Lys

Val

Agn

Ala

Leu
100

Val

ASP

Hig

Leu

Tyr

180

ATrg

Val

Met

Ala

Phe

Pro

405

Ala

Asn

Ala

Thr

SEQ ID NO 4
LENGTH :
TYPE :
ORGANISM: Artificial sequence
FEATURE:
OTHER INFORMATION:

470

4

Met

Ala

Leu

Val

85

Asp

Gly

Ile

Gly

Leu
165

Gly

Asp

Phe

ASP

Phe

Ser

Gly

390

Trp

Met
4770

Ala

Pro

Thr

Ala

Thr

70

Pro

Leu

Agn

ATg

ITle

150

Gly

ATrg

ASP

Leu

25

Leu
Phe
Gly
375
Asp
Gly
Val

Val

Glu
455

Met

Thr

360

Gly

ASpP

Agn

Gln

Tle

440

Leu

ATy

345

Gln

Ile

Ser

Ala

Ala

425

Arg

Trp

Glu

ASp

His

Pro
410

Arg

Glu

US 11,518,989 Bl

ASD

Val

Leu

395

Gly

Agnhn

Ala

Glu

Synthetic peptide

Gly

AsSp

Pro

Lys

55

AsSp

Asn

Phe

Val

Phe
135

Thr

Ala

Glu

Phe
215

Phe

Lys

40

Ser

Leu

Glu

Glu

Phe

120

Pro

Val

Thr

Val

Agn

200

Val

Thr

25

Pro

Ser

ASDP

ASP

Lys

105

Gly

Val

Glu

Tle

Tyr

185

Ile

Gln

ala
10
Pro

Gly

Thr

Agn
S0
Gly

Phe

ala

Arg

Lys

170

Glu

Agn

Glu

Gly

Val

Gly

Tyr

75

Ser

Leu
ASDP
155

Pro

Ser

Ala

-continued

Tyr

Ala

Trp

380

Gln

Ala

Glu

Met
460

Val

ASpP

Pro

Thr
60

Val

Ala

ITle
140

Leu

Gln

Tle
220

Val

Ser

365

His

Phe

Thr

Gly

Arg
445

Thr

Ala

45

Trp

Gly

Phe

Thr

Leu
125

Leu

Leu

Arg

Pro

205

Glu

Glu

350

Met

Met

Gly

Ala

ATg

430

Trp

Phe

ASP
ASP
30

Glu

Thr

Ala

Agn

110

ATrg

Thr

Agn

Gly

Gly

120

Phe

Glu

Pro

Pro

Gly

Agn

415

Agn

Ser

Glu

Tyr
15
Leu

Glu

Thr

Phe
o5

Val

2la

Phe

Leu
175
Gly

Met

2la

ASpP

Gly

2la

Gly

400

ATrg

Leu

Pro

Phe

Leu

2la

Val

Tyr

80

Ile

Leu

Leu

Gln

Tyr

160

Ser

Leu

ATrg

Gln

26



Ala

225

Thr

Thr

Thr

Hig

Hig

305

Leu

Thr

ATrg

Thr

Leu

385

Thr

Val

Ala

Glu

Glu
465

<210>
<211>
<212 >
<213>
<220>
<223 >

Glu

Pro

Thr

Arg
290

Phe

His

Met

Ser

Met

370

Val

Leu

2la

Leu
450

2la

Thr

Glu

Ile

Leu

275

Ala

ATrg

Ser

Gly

Arg

355

Pro

Glu

Gly

Leu

Glu

435

Ala

Met

Agn

Glu

Ile

260

Ala

Met

Val

Gly

Phe

340

Gly

Val

Ile

Glu
420
Gly

Ala

ASP

PRT

<400> SEQUENCE:

Met Val Lys Ala

1

Leu

Ala

Ala

Trp

65

ASP

Ala

Thr

2la
50

Thr

Leu

Tyr

Phe

35

Ala

ASP

Glu

Pro

Tyr

20

Lys

Val

Agn

Ala

Leu
100

Glu

Met

245

Met

His

Leu

Thr

325

Val

Ile

Ala

Phe

Pro

405

2la

Asn

2la

Thr

SEQ ID NO 5
LENGTH :
TYPE :
ORGANISM: Artificial sequence
FEATURE:
OTHER INFORMATION:

4770

5

Met

2la

Leu

Val

85

Asp

Met

230

Met

His

Trp

Ala

Ala

310

Vval

ASpP

Phe

Ser

Gly

390

Trp

Leu
4770

Ala

Pro

Thr

Ala

Thr

70

Pro

Leu

27

Val

295

Val

Leu

Phe

Gly

375

Asp

Gly

Val

Val

Glu
455

Gly

Arg

Phe

Arg

280

Val

Gly

Met

Thr

360

Gly

ASP

Agh

Ile
440

Leu

Hig

Ala

Phe

265

ASP

ASP

Leu

ATrg

345

Gln

Tle

Ser

Ala

Ala

425

Trp

Glu
250

Thr

AgSh

Arg

Leu
230
Glu

ASpP

His

Pro
4710

Glu

US 11,518,989 Bl

Leu

235

Phe

Gly

Gly

Gln

Leu

315

Glu

ASDP

Val

Leu

395

Gly

Agn

Ala

Glu

Synthetic peptide

Gly

Asp

Pro

Glu
55

AsSp

Asn

Phe

Phe

Lys

40

Ser

Leu

Glu

Glu

Thr
25

Pro

Ser

ASP

ASP

Glu
105

2la
10

Pro

Gly

Thr

Agn
S0

Gly

Gly

Val

Gly

Tyr

75

Ser

-continued

AsSn

Ala

Gly

Tle

Lys

300

Ser

Gly

Ala

Trp
380

Ala

Glu

Tle
460

Val

ASP

Pro

Thr
60

Val

Val

Phe

Leu

285

AsSn

Gly

Glu

Val

Ser

365

Phe

Thr

Gly

Lys
445

Gln

Thr

Ala

45

Trp

Gly

Phe

Thr

Thr

Glu

Thr

270

Leu

His

Gly

ATrg

Glu

350

Met

Met

Gly

Ala

Lys

430

Trp

Phe

ASP
ASP
30

Glu

Thr

ATrg

Ala

Agn
110

ala

Tle

255

2la

His

Gly

ASP

Gly

335

Glu

Pro

Pro

Gly

AgSh

415

Agn

Ser

Tyr
15

Leu

Glu

Thr

Phe
o5

Val

Gly

240

Gly

Agn

ITle

Tle

His

320

Tle

ASpP

Gly

Ala

Gly

400

Leu

Pro

Phe

Leu

Ala

Val

Tyr

80

Ile

Leu

28



Thr

ATrg

Gly

145

Gly

Ala

ASpP

Trp

Ala

225

Thr

Thr

Thr

His

Hig

305

Leu

Thr

ATrg

Thr

Leu

385

Thr

Val

Ala

Glu

Glu
465

Ser

Leu

130

Pro

Arg

Phe

Arg

210

Glu

Pro

Thr

ATy

290

Phe

His

Met

Sexr

Met
370

Val

Leu

2la

Leu
450

2la

Leu

115

Glu

Pro

Pro

Agn

Thr

195

ASP

Thr

Glu

Tle

Leu

275

Ala

Arg

Ser

Gly

Arg

355

Pro

Glu

Gly

Leu

Glu

435

Ala

Met

Val

ASP

His

Leu

ATrg

Agn

Glu

Tle

260

Ala

Met

Val

Gly

Phe

340

Gly

Val

Tle

Glu

420

Gly

Ala

ASP

Gly

Ile

Gly

Leu

165

Gly

AsSp

Phe

Glu

Met

245

Met

Hig

Leu

Thr

325

Val

ITle

Ala

Phe

Pro

405

Ala

Agh

2la

Thr

Agn

ATYg

Tle

150

Gly

ATg

ASP

Leu

Met

230

Met

His

Trp

Ala

Ala

310

Val

ASpP

Phe

Ser

Gly
390

Trp

ASP

Leu
4770

29

Val
Phe
135

Thr

Ala

Glu

Phe
215

Val
295

Val
Leu
Phe
Gly

375

Asp

Gly

Val

Val

Glu
455

Phe

120

Pro

Val

Thr

Val

Agh

200

Val

Gly

Phe

ATrg

280

Val

Gly

Met

Thr

360

Gly

ASDP

Agn

Gln

Tle
440

Leu

Gly

Val

Glu

Tle

185

Tle

Gln

His

Ala

Phe

265

ASP

ASP

Leu

Lys
345

Gln

Tle

Ser

Ala

Ala
425

Trp

Phe

2la

Arg

170

Glu

AgSh

Glu

Glu
250

Thr

Agn

Leu

330

Glu

ASp

His

Pro
410

Glu

US 11,518,989 Bl

Leu

ASpP

155

Pro

Ser

Ala

Leu

235

Phe

Gly

Gly

Gln

Leu

315

Glu

ASDP

Val

Leu

395

Gly

Agnh

Ala

Glu

-continued

Ala

Ile
140

Leu

Gln

Tle

220

AsSn

Ala

Gly

Tle

300

Ser

Gly

Ala

Trp
380

Ala

Glu

Tle
460

Leu

125

Leu

Leu

Arg

Pro

205

Glu

Val

Phe

Leu

285

Asn

Gly

Glu

Val

Ser
365

Phe

Thr

Gly

Thr

AgSh

Gly

Gly

120

Phe

Thr

Glu

Thr

270

Leu

Hig

Gly

ATrg

Glu

350

Met

Met

Gly

Ala

430

Trp

Phe

2la

Phe

Leu

175

Gly

Met

2la

2la

Tle

255

2la

His

Gly

ASpP

Gly

335

Glu

Pro

Pro

Gly

Agn
415

Agn

Ser

Glu

Leu

Gln

160

Ser

Leu

Gln

Gly

240

Gly

Agn

Tle

Ile

His

320

Tle

ASpP

Gly

Ala

Gly

400

Leu

Pro

Phe

30
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What 1s claimed 1s:

1. A biological material comprising: an amino acid
sequence having at least 84% sequence 1dentity to any one
of SEQ ID NOS: 2-5; wherein the amino acid sequence 1s a
modified RbcL unit incorporated 1n a modified ribulose-1,
S-bisphosphate carboxylase/oxygenase; and

the modified RbcL unit has relative to SEQ ID NO: 1

substitution of 1 to 30 Leu, Phe, Val or Ile amino acid
residues of SEQ ID NO: 1, or combinations thereof,
substituted to Met; the modified Rbcl, unit has relative
to SEQ 1D NO: 1 substitution of 4 to 35 Arg, Thr, or His
amino acid residues of SEQ ID NO: 1, or combinations
thereof, substituted to Lys; or the modified RbcL unit
has relative to SEQ ID NO: 1 both substitution of 1 to
30 Leu, Phe, Val or Ile amino acid residues of SEQ ID
NO: 1, or combinations thereof, substituted to Met and
substitution of 4 to 35 Arg, Thr or His amino acid
residues of SEQ ID NO: 1, or combinations thereof,
substituted to Lys,

wherein the modified RbcL unit 1s enriched 1n Met amino

acid residues relative to SEQ ID NO: 1, enriched in Lys
amino acid residues relative to SEQ ID NO: 1, or
enriched 1 both Met and Lys amino acid residues
relative to SEQ ID NO: 1.

2. The biological material of claim 1, wherein the amino
acid sequence 1s 1dentical to any of SEQ ID NOS: 2-5 having
a sequence length of 440 to 475 units amino acid residues.

3. The biological material of claim 1, wherein the modi-
fied RbcL unit 1s incorporated 1n a plastid.

4. A biological material of claim 1, wherein the biological
material 1s a biomass.

5. The biological material of claim 4, wherein the biomass
comprises F. coll.

6. The biological material of claim 4, wherein the biomass
1s a photosynthetic cyanobacterial biomass.

7. The biological material of claim 6, wherein the biomass
comprises Synechocystis.

8. The biological material of claim 1, wherein the amino
acid sequence has at least 95% sequence 1dentity to any one
of SEQ ID NOS: 2-5.

9. The biological material of claim 1, wherein the modi-

fied RbcL unit has relative to SEQ ID NO: 1 substitution of

1 to 30 Leu, Phe, Val or Ile amino acid residues of SEQ ID

NO: 1, or combinations thereof, substituted to Met.

10. The biological material of claim 1, wherein the
modified RbcL unit has relative to SEQ 1D NO: 1 substitu-
tion of 4 to 35 Arg, Thr, or His amino acid residues of SEQ
ID NO: 1, or combinations thereot, substituted to Lys.
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11. The biological material of claim 1, wherein the
modified ribulose-1,5-bisphosphate carboxylase/oxygenase
1s a complete protein source for human nutrition.

12. The biological material of claim 1, wherein the
modified RbcL unit has relative to SEQ ID NO: 1 substitu-
tion of 14 to 25 Leu, Phe, Val or Ile amino acid residues of
SEQ ID NO: 1, or combinations thereof, substituted to Met.

13. The biological material of claim 1, wherein the
modified RbcL unit has relative to SEQ 1D NO: 1 substitu-
tion of 20 to 30 Arg, Thr, or His amino acid residues of SEQ
ID NO: 1, or combinations thereof, substituted to Lys.

14. A method for producing a modified RbcL unit of a
ribulose-1,5-bisphosphate carboxylase/oxygenase, compris-
ng:

transforming a host cell with a plasmid encoding the

modified RbcL. unit, and

culturing the transformed host cell to produce the modi-

filed RbcL. unait;
wherein the modified RbcL unit comprises an amino acid
sequence having at least 84% sequence 1dentity to any
one of SEQ ID NOS: 2-3,

wherein the modified RbcL. umit has relative to SEQ 1D
NO: 1 substitution of 1 to 30 Leu, Phe, Val or Ile amino
acid residues of SEQ ID NO: 1, or combinations
thereot, substituted to Met; the modified RbcL. unit has
relative to SEQ ID NO: 1 substitution of 4 to 35 Arg,
Thr, or His amino acid residues of SEQ ID NO: 1, or
combinations thereof, substituted to Lys; or the modi-
fied RbcL unit has relative to SEQ ID NO: 1 both
substitution of 1 to 30 Leu, Phe, Val or Ile amino acid
residues of SEQ ID NO: 1, or combinations thereof,
substituted to Met and substitution of 4 to 35 Arg, Thr

or His amino acid residues of SEQ ID NO: 1, or
combinations thereof, substituted to Lys, and
wherein the modified RbcL unit 1s enriched 1n Met amino
acid residues relative to SEQ ID NO: 1, enriched in Lys
amino acid residues relative to SEQ ID NO: 1, or
enriched 1 both Met and Lys amino acid residues
relative to SEQ ID NO: 1.
15. The method of claim 14, wherein the host cell 1s a
photosynthetic cyanobacterial cell.
16. The method of claim 15, wherein the host cell 1s
Synechocystis.
17. The method of claim 14, wherein the host cell 1s Z.

coll.
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